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(54) Optimal complementary punctured convolutionat codes 



(57) The invention provides optimal complementary 
punctured convolutional codes for coding information 
bits in a communication system. In an illustrative em- 
bodiment, an optimal pair of complementary punctured 
codes is selected from a set of potential code pairs. The 
set of potential code pairs includes all non-catastrophic 
complementary^ punctured code pairs which combine to 
produce to a specified full-bandwidth code, and thus in- 
cludes both equivalent and non-equivalent complemen- 
tary codes. The optimal code pair may be selected, for 



example, as the pair of equivalent or non-equivalent 
codes which has the best free Hamming distance and 
minimum information error weight of all the pairs in the 
set. In addition, the invention provides both rate-com- 
patible and rate-incompatible codes suitable for use in 
providing unequal error protection (UEP) for different 
classes of information bits. The invention further pro- 
vides optimal bit assignment techniques for use in digital 
audio broadcasting or other applications in which digital 
information is transmitted on subcarriers in both an up- 
per and a lower sideband of an analog carrier. 
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Description 

Field of the Invention 

5 [0001] The present invention relates generally to convolutional codes for use in communication systems, and more 
particularly to punctured convolutional codes optimized for use in conjunction with digital audio broadcasting and other 
types of communication system applications which utilize diversity in frequency, time, space, polarization or other 
system parameters. 

10 Background of the Invention 

[0002] FIG. 1 shows a portion of a frequency spectrum in an exemplary In Band On Channel (IBOC) system for 
implementing digital audio broadcasting (DAB) in existing analog frequency modulation (FM) radio bands. In this IBOC 
system, an analog FM carrier signal 1 0 serves as a "host" for transmission of digital audio information of CD-like quality. 

75 The same digital audio information is transmitted on both a lower sideband 12 and an upper sideband 1 4 of the analog 
host 10, using a multicarner OFDM technique. This ensures that all of the digital information can be recovered wtien 
one of the sidebands is corrupted, or even completely tost, due to effects such as fading or interference in the crowded 
analog FM band. The digital audio subcarriers transmitted in region B of the lower and upper sidebands 12, 14 are 
generally less susceptible to interference from adjacent FM channels or the analog host 10 than the carriers in regions 

20 A or C. The subcarriers in region A of sidebands 12, 14 are more susceptible to adjacent channel interference, while 
those in region C are moie susceptible to interference from the analog host 10. The transmission in region C may make 
use of precancellation techniques which allow the interference with the analog host 10 to be canceled. Additional details 
regarding this exemplary IBOC systenn can be found in B.W. Kroeger and A.J. Vigil, "Improved IBOC DAB Technology 
for AM and FM Broadcasting," SBE Engineering Conference, pp. 1-10, 1996. 

2S [0003] It has boon proposed that complementary convolutional codes be utilized for channel coding in DAB systems 
such as the IBOC system described in conjunction with FIG. 1. For example, a pair of complementary codes can be 
used individually on both sides of the analog host 10 in the system of FIG. 1 . A pair of complementary codes can be 
generating by "puncturing" a tow-rate "mother" code to twice its original rate. Puncturing a mother code is a well-known 
technique for obtaining high-rale convolutional codes which exhibit good performance and which can be decoded using 

30 the same basic Viterbi algorithm that is used for the mother code See, for example, G.C. Clark, Jr. and J.B. Cain, 
"Error Correcting Codes for Digilai Communications." Plenum Press, 1981 . S. Lin and D.J. Costello Jr., "Error Control 
Coding: Fundamentals and Applications," Prentice-Hall. 1 983 and Y Yasuda, K. Kashiki and Y Hirata, "High-rate punc- 
tured convolutional codes for soU decision Viterbi decoding," IEEE Transactions on Communications, Vol. 32, March 
1984. 

3S [0004] Puncturing generally involves removing bits from the low-rate mother code such that the remaining code bits 
form one of the complementary codes, while the punctured bits form the other complementary code of the code pair 
The resulting pair of codes which are referred to as complementary punctured-pair convolutional (CPPC) codes, are 
complementary in the sense that they are both of a rate which is twice that of the mother code obtained by combining 
the two codes Increased puncturing leads to higher punctured code rates. It can be shown that punctured codes of a 

■^0 certain rate generally provide performance which is almost as good as that of optimal codes at the same rate. Unfor- 
tunately, the conventional CPPC codes which have been proposed for use in the IBOC system described in the above- 
cited B.W. Kroeger and A.J Vigit reference generally do not provide optimal or near-optimal performance, and in some 
cases are even catastrophic This may be due in part to a perceived requirement that the code pairs be so-called 
"equivalent" codes, as defined in S. Kallel, "Complementary Punctured Convolutional Codes and Their Applications," 

•^5 IEEE Transactions on Communications, Vol. 43, No. 6, pp. 2005- 2009, June 1995, which is incorporated by reference 
herein. However, this perceived requirement has had the effect of unduly restricting the scope of search for CPPC 
codes. A need therefore exists (or improved punctured convolutional codes which can provide better performance than 
conventional codes in the dbove-described IBOC digilai audio broadcasting system and other applications. 

so Summary of the Invention 

[0005] The invention provides optimal punctured convolutional codes for use In digital audio broadcasting as well as 
other types of communication systems Optimal punctured con vofutfonaf codes are provided for equaf error protectron 
(EEP) applications, and both rate-compatible and rate-incompatible codes for are provided for unequal error protection 
55 (UEP) applications. In an exemplary embodiment, an optimal code is selected as a code which has the best free 
Hamming distance and the minimum information error weight from among a set of potential non-catastrophic codes 
for a given set of operating parameters, Unlike conventional punctured code sets used for digital audio broadcasting 
applications, a set of potential n on -catastrophic codes in accordance with the invention can include codes which are 
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not equivalent in terms of their distance or pertormance properties. The selected optimal code thus provides perform- 
ance advantages relative to a code selected from a set restricted to only equivalent codes. Although particularly well 
suited for use with complementary code pairs, the techniques of the invention can be readily extended for use in 
selecting an optimal group of n complementary codes from a set of such groups. 

5 [0006] The invention may be implemented in an exemplary system in which digital audio information is transmitted 
on subcarricrs in both an upper and a lower sideband of an analog carrier In such a system, an optimal complementary 
code pau IS selected Irom a set of code pairs defined in the manner described above. The complementary codes in 
the sclc:iod code p^^ir may each be, for example, a rate-4/5 half-bandwidth convolutional code which is generated by 
punciurma -i r.tic 2 5 lull-bandwidth convolutional code. The full-bandwidth code may itself be generated by puncturing 

10 a ratc-1 3 motttct code The invention also provides an optimal bit assignment strategy for use in such a system. In 
accordance wiin ihts sir iicgy bits from a designated code generator may be assigned to the upper and lower sideband 
subcariicrs which hic iDCHlcd lurthest from the analog carrier These and other techniques of the invention can be 
readily cxicncicd lo n v/ide variety of different types of communication systems. For example, the invention can be 
implemcnied m conrmLniCHlion system applications which utilize diversity in frequency, time, space, polarization or 

^5 any other system pHfHmclor 

Brief Description of the Drawings 

[0007] FIG I shows H portion ol a frequency spectrum in a conventional In Band On Channel (IBOC) digital audio 
broadcHsling system 

[0008] FIG 2 li a block diagicirn of a communication system which may be configured to utilize complementary 
punctured convolutional codes in accordance with the invention. 

[0009] FIGS 3A and 3B illustrate exemplary bit assignment patterns for use in implementing optimal complementary 
punctured codes in accordance with the invention. 

[001 0] FIGS. 4. 5 and 7 show plots of simulated bit error rate (BER) for a number of different punctured convolutional 
codes in accordance with the invention. 

[0011] FIG. 6 shows rate-compatibility relationships for an IBOC system configured with unequal error protection 
(UEP) in accordance with the invention. 

[0012] FIGS 8 9 and 10 show plots of simulated BER for a number of different punctured convolutional codes in 
accordance with the invention 

[0013] FIGS. 11 A. 11 B. 12A and 12B illustrate exemplary bit assignment patterns for use in implementing optimal 
complementary punctured codes in accordance with the invention. 

Detailed Description of the Invention 

35 

[0014] The invention will be described below in conjunction with exemplary complementary punctured convolutional 
codes optimized for use in a particular digital audio broadcast system. It should be understood, however, that the coding 
techniques of the invention may be applied to many other types of communication systems. For example, although 
the digital audio broadcast system described herein utilizes a frequency diversity technique, the invention could also 

-iO be implemented in systems which utilize time diversity space diversity, polarization diversity, as well as other types of 
diversity techniques The description of the exemplary embodiments will use the term "optimal" to refer to a code or 
group ol codes which satisfies a specified optimalily condition, such as, for example, a code or group of codes which 
has the best free Hamming distance and the minimum information error weight from among a set of potential non- 
catastrophic codes for a given set of operating parameters based on a given mother code. A code is considered "cat- 
astrophic" if its state diagram contains a loop of zero weight other than the self-loop around the zero state. The concepts 
of free Hamming distance, information error weight and non-catastrophic codes are described in greater detail in, for 
example, S. Lin and D J Costello Jr. "Error Control Coding: Fundamentals and Applications," Prentice-Had, 1 983. and 
G C. Claik. Ji. and J.B. Cain. "Error Correcting Codes loi Digital Communications," Plenum Press, 198T which are 
incorpoiated by refeience heiein. Complementary codes in a given pair or other group of codes are considered "equiv- 

50 alent** if their puncturing patterns are cyclic permutations of one another, as described in S. Kallel, "Complementary 
Punctured Convolutional Codes and Their Applications," IEEE Transactions on Communications, Vol. 43, No. 6, pp. 
2005-2009, June 1995. Optimal codes in accordance with the invention may be equivalent or non-equivalent. 
[OOtSJ FfG. 2 is a block diagram of an exemplary communication system 20 in which CPPC codes in accordance 
with the invention may be utilized. The system 20 includes a transmitter 22 and a receiver 24. The transmitter 22 

ss includes an audio coder 25 for generating a digital bit stream from an analog audio signal. The digital bit stream from 
audio coder 25 is applied to a convolutional encoder 26 which utilizes CPPC codes, which will be described in greater 
detail below, to encode the bit stream into a sequence of symbols. Although this embodiment uses a bit stream gen- 
erated from audio data, the invention is more generally applicable to bits generated by any type of digital source. The 
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sequence of symbols from convoluttonal encoder 26 are interleaved in an interleaver 27 , and then applied to a modulator 
28. The modulator 28 may perform several stages of modulation such as, for example, modulating the interleaved 
symbols onto one or more sub-carriers, and then frequency modulating the sub-carriers onto a radio frequency (RF) 
carrier. The modulated carrier is transmitted via transmit antenna 29 to the receiver 24. The transmitter 22 may include 
5 additional processing elements, such as multiplexers, upconverters and the like, which are not shown in the FIG. 2 
embodiment. 

[CX)1 6] The receiver 24 receives the transmitted signal via receive antenna 30, and performs demodulation operations 
in demodulator 31 to recover the interleaved symbols. The symbols are deinterleaved in a deinterleaver 32, and the 
resulting symbol sequence is converted to a digital bit stream in decoder 33 using a soft Viterbi decoding process. The 

10 digital bit stream is then decoded in audio decoder 34 to reconstruct the original audio signal. Like the transmitter 22. 
the receiver 24 may include additional processing elements which are not shown in FIG. 2. It should also be noted that 
various elements of the system 20, such as the interleaver 27 and the deinterleaver 32, may be eliminated in alternative 
embodiments. Moreover, various elements of the system 20^ such as the audio coder 25, convoluttonal encoder 26, 
Viterbi decoder 33 and audio decoder 34, may be implemented using portions of an application-specific integrated 

is circuit, microprocessor or any other type of digital data processor Various aspects of the invention may also be imple- 
mented in the form of one or more software programs executed by a central processing unit (CPU) or the like in the 
digital data processor. 

[001 7] A number of sets of optimal CPPC codes suitable tor use in system 20 of FIG. 2 will now be described. It will 
be assumed for purposes of illustration that the operating parameters of system 20 are similar to those of the IBOC 

^0 DAB system described in conjunction with FIG. 1 and in the above-cited B.W. Kroeger and A.J. Vigil reference, "Im- 
proved IBOC DAB Technology for AM and FM Broadcasting," SBE Engineering Conference, pp. 1-10, 1996. This 
exemplary IBOC system can be configured to utilize rate-4/5 forward error correction codes for both the upper and 
lower sideband channels. These rate-4/5 codes are referred to as half -bandwidth codes, and combine to form a rate- 
2/5 error correction code referred to as a full-bandwidth code. It will be shown below that, utilizing the techniques of 

^5 the invention, a rate-1/3 mother code can be punctured to meet these exemplary IBOC code requirements. 

[001 8] The rate-1/3 mother code may be a rate-1/3 convolutional code having a constraint length K= 7 as described 
in J. Hagenauer, "Rate-compatible punctured convolutional codes (RCPC codes) and their applications," IEEE Trans- 
actions on Communications, Vol. 36, No. 7, pp. 389-400, April 1988. The code rate is the ratio of input bits to output 
bits for the convolutional encoder. A rate-1/3 encoder generates three output bits for each input bit. A group of three 

30 coded output bits is referred to as a symbol. The value of K refers to the number of uncoded input bits which are 
processed to generate each output symbol. For example, a rate-1/3 convolutional encoder with K'= 7 generally includes 
a seven-bit shift register and three modulo-two adders. The inputs of the each of the adders are connected to a different 
subset of the bits of the shift register These connections are specified by the "generators" of the encoder Because a 
given output symbol in this example is generated using the latest input bit as well as the previous six input bits stored 

3S in the shift register, the K = 7 encoder is said to have a "memory" of six. The rate-1/3, K = 7 code used in this example 
has the following three generators: 

g^= 1011011 

40 

Qj = 1111001 

go= 1100101 

45 

Each of the generators may be viewed as specifying the connections between bits of the seven-bit shift register and 
inputs of one of the modulo-2 adders. For example, the adder corresponding to generator go generates the first bit of 
each output symbol as the modulo-2 sum of the bits in the first, third, fourth, sixth and seventh bit positions in the shift- 

so register, with the first bit position containing the latest input bit. Similarly, the generators g-j and g2ger\eraXe the second 
and third bits, respectively, of each output symbol as modulo-2 sums of the bits in the positions designated by the 
respective generator values. The free Hamming distance c^^of the rate-1/3, /C= 7code with the above-noted generators 
is 14, and its information error weight c^/P is one. When this code rs punctured in a rate-cornpatrble rrrarmerto rateff 
of 4/11 . 4/10, 4/9 and 1/2, the resulting rate-1/2 code is also the best rate-1/2, K= 7convolutional code. 

ss [0019] Two different puncturing patterns were used to obtain the following full-bandwidth codes from the rate-1/3 
mother code: (1) a rate-2/5 code as described in the above-cited Hagenauer reference; and (2) a rate-2/5 code as 
described in B W Kroeger and D Cammarata, "Complementary punctured convolutional codes with application to 
IBOC DAB," 1997. The puncturing patterns and other properties for these full-bandwidth codes are given by: 
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Hagenauer Rate-2/5 Code: (1111.1111,1100). {df=^^, c^/P = ^). 

Kroeger Rate-2/5 Cdde: (1111. 1111. 1010). ( 11. c^/P - 2). These codes were then punctured in ac- 
cordance with the techniques of the invention to form rate-4/5 CPPC codes which are optimal in terms of having max- 
imum worst-case free Hamming distance and minimum worst-case information error weight. These optimal codes are 

5 given in TABLES 1 and 2 below. 

[0020] The optimal CPPC codes are determined in this embodiment by first calculating the pairs of free distances 
and information error weights of all non-catastrophic complementary codes that combine to one of the two rate-2/5 
codes noted above. The worst-case free distance of the complementary pair is the minimum of the pairof free distances. 
The worst-case information error weight (c^^orst) '® maximum of the pair of information error weights. Among the 

^0 code pairs that have the maximum worst -case free distance, the pair with the lowest c^^,q^/P value is considered the 
optimal pair The free distances and information error weights may be calculated using an augmented-metric Viterbi 
algorithm. Other optimization criteria may be used in alternative embodiments of the invention. 

[0021] TABLES 1 and 2 below list the non-catastrophic complementary rate-4/5 codes with puncture period P = 4 
that have a maximum worstoase free distance, as generated from the rate-2/5 Hagenauer and Kroeger codes, re- 
is spectively. The codes are listed in order of optimality. It should be noted that the optimum pair listed on the top line of 
TABLE 2 have puncture patterns which are cyclically-shifted versions of each other and are thus "equivalent" as defined 
in the above-cited S. Kalle! reference. However, it can be seen from the optimum pair of TABLE 1 that optimal CPPC 
codes in accordance with the invention need not be equivalent. 

20 TABLE 1 : 



Rate-4/5 CPPC codes that combine to Hagenauer rate-2/5 code, with P= 4. 


Puncture Pattern 


df 




Complementary Pattern 


df 




(1011. 0100. 1000) 


4 


8.00 


(0100,1011,0100) 


4 


2.75 


(1000,0011,1100) 


4 


9.50 


(0111.1100.0000) 


4 


6.25 


(1011. 0100. 0100) 


4 


21-25 


(0100, 1011, 1000) 


4 


9.75 



30 



35 



TABLE 2: 



Rate-4/5 CPPC codes that combine to Kroeger rate-2/5 code, with P= A. 


Puncture Pattern 




Od/P 


Complementary Pattern 




^d/P 


(0110, 1001, 0010) 


4 


2.50 


(1001, 0110, 1000) 


4 


2.50 


(0110, 1001, 1000) 


4 


12.00 


(1001, 0110, 0010) 


4 


12.00 



40 



45 



50 



[0022] As noted above, the IBOC system described in conjunction with FIG. 1 utilizes a multicarrier modulation 
technique, with varying amounts of interference susceptibility on the different digital audio subcarriers in portions A, B 
and C of the upper and lower sidebands. More particularly the subcarriers farthest away from the analog host are most 
susceptible to interference. Thus, the mapping of code bits to subcarrier frequencies can affect performance. The 
invention provides a mapping of code bits to subcarners which improves performance relative to conventional map- 
pings. This mapping is determined by puncturing each sideband of the full-bandwidth codes in an RCPC fashion while 
keeping all of the bits in the other sideband. For example, assume that the two complementary codes from the top line 
of TABLE 2 are the respective lower sideband and upper sideband half-bandwidth codes. Since the outermost sub- 
carriers on each sideband are most susceptible to interference, the bits from the third generator are mapped to 
these frequencies. Thus, if both outer regions A in the upper and lower sidebands of FIG. 1 are corrupted or lost, the 
remaining code would be an industry-standard rate-1/2 code. At each puncturing step, the punctured bit is assigned 
to the outermost unassigned subcarrier. The optimal puncture patterns for the lower sideband (LSB) and upper sideband 
(USB) are shown in TABLES 3 and 4, respectively. 
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TABLE 3: 



Lower Sideband Puncture Pattern for Bit Assignment. 


LSB Pattern 


Full Pattern 


Full Rate 




Cd/P 


(0110, 1001, 0000) 


(1111, 1111. 1000) 


4/9 


10 


1.75 


(0110,0001.0000) 


(1111,0111,1000) 


4/8 


8 


0.75 
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TABLE 3: (continued) 



Lower Sideband Puncture Pattern for Bit Assignment. 


LSB Pattern 


Full Pattern 


Full Rate 


df 




(0110, 0000, 0000) 


(1111,0110,1000) 


4/7 


7 


2.00 


(0010 0000, 0000) 


(1011, 0110. 1000) 


4/6 


5 


0.75 



[0023] FIGS 3 A rind 3B illustrate the above-described optimal bit assignment strategy for the lower sideband and 
upper sideband csDOciively It should be noted that this type of bit assignment is also known as bit placement. The 
notation GO, Gi, nr d G2, rclors to the ith bit. modulo 4, from the generators Qq, 9i and respectively. The second 
bit modulo 4 liom the \t\\d qc iorator qfp 's assigned to the outermost subcarrier of the lower sideband, and the zeroth 
bit modulo 4 Irom ihc ihtrd generator is assigned to the outermost subcarrier of the upper sideband. This bit assign- 
ment opttmt/os porlorrrrincc in the presence of interference for the exemplary IBOC system of FIG. 1 . The bit assign- 
ment tochntqucs ot the invoniion could also be used to provide similar improvements in other types of communication 
systems It should be noted rhnt in alternative embodiments, the bit assignments of FIGS. 3A and 3B. and other similar 
types of Hssignments given heroin, can be rotated around the carrier, such that a mirror image of the assignment for 
one sideband is used lor the other sideband, and vice-versa. For example, the mirror image of the lower sideband 
assignmcn: of FIG 3A ic rin assignment reading GOg, GO^, G1 3. GIq and G22 from left to right, can be used for the 
upper sidobnnd and the mtrror image of the upper sideband assignment ot FIG. 3B, i.e., an assignment reading G2o, 
GI2, G1 1 GO3 and GO^. from loft to right, can be used for the tower sideband. 

TABLE 4; 



Upper Sideband Puncture Patterns for Bit Assignment. 


USB Pattern 


Full Pattern 


Full Rate 


df 




(1001.0110.0000) 


(1111,1111.0010) 


4/9 


10 


1.75 


(1001 0100,0000) 


(1111,1101,0010) 


4/8 


8 


0.75 


(1001 0000, 0000) 


(1111, 1001, 0010) 


4/7 


7 


2.00 


(1000 0000. 0000) 


(1110, 1001, 0010) 


4/6 


5 


0.75 



[CK)24] It has been proposed that DAB broadcasters be allowed the option of transmitting with wider bandwidth codes 
by adding tones closer to the analog host. In this mode, the full-bandwidth code may be the full, un-punctured, rate- 
1/3 mother code described above. The half -bandwidth codes, which will be referred to as ''half-bandwidth+'' codes, will 
then each have a rate of 2/3 TABLE 5 below gives the optimal code pairs for two different compatibility constraints. 
The code pair on the top line of TABLE 5 is the best punctured pair overall. The pair on the second line is the best pair 
that is rate-compatible with the optimal rate-4/5 code pair from TABLE 2. The advantage of this second pair Is that if 
the additional inner tones were erased by the channel or if the receiver were incapable of receiving these inner tones, 
the remaining codes would be the optimal half-bandwidth tones previously described. 

TABLE 5; 



Optimal Half-Bandwidth+ Codes, with P = 4. 


Puncture Pattern 


df 




Complementary Pattern 


df 


<^d/P 


(0101, 0101. 1010) 


6 


3.00 


(1010, 1010. 0101) 


6 


3.00 


(0110, 1001. 0011) 


5 


0.75 


(1001 0110. 1100) 


5 


0.75 



[0025] Another aspect of the invention relates to providing unequal error protection (UEP) in a DAB or other com- 
munication system. In order to configure the above-described IBOC system to provide UEP, one would still need an 
average rate of 2/5 for the full-bandwidth code and an average rale of 4/5 tor the Inalf-banciwidth CQdea. The irweation 
satisfies this requirement through the use of time multiplexing. The time multiplexing will be illustrated for a case in 
which two classes of information bits are to be unequally protected. Class I bits are the most important bits and must 
be protected with a low-rate (i.e.. high redundancy) code. Class II bits are the less important class of bits. Generalization 
to three or more classes of bits is straightforward, and will not be described in detail herein. 

[0026] The rates for the codes protecting the different classes of bits may be selected to satisfy an average rate 
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constraint such as those noted above for the IBOC system. If the fraction of Class I bits is f land the fraction of Class 
II bits is 1 - /; the rates of the codes must satisfy: 



R Rf Rff 



(1) 



70 



15 



20 



25 



30 



35 



40 



45 



where R is the average rate, and R, and R,, are the rates of the codes for the Class I and Class II bits, respectively. 
For example, with R = 2/5 and / = the pair of rates (R,, R,,) = (4/1 1 . 4/9) satisfies equation (1 ) above. 
[0027] A full-bandwidth code with a set of rates satisfying equation (1 ) can be constructed by puncturing a common 
convolutional mother code. Furthermore, if one wants to avoid inserting termination bits between the Class I and Class 
1 1 bits, the mother code needs to be punctured in a rate-compatible manner, as described in the above-cited J. Hagenau- 
er reference. More particularly, the Class I bits should folbw the Class It bits, and the unpunctured bits in the Class II 
code must be a subset of the unpunctured bits in the Class I code. TABLES 6 and 7 below show candidate punctured 
convolutional codes for Class I and Class 1 1 bits, respectively in the IBOC system. TABLE 6 shows the puncture patterns, 
with a puncture period P = 8, for all non-equivalent rate-4/11 codes compatible with an industry-standard rate-1/2 code 
obtained with the puncture pattern (1111 1111,1111 1111, 0000 0000). TABLE 7 shows the puncture patterns, with P 
= 8. for all non-equivalent rate-4/9 codes compatible with the industry-standard rate-1/2 code. It should be noted that 
cyclic shifts of the puncture patterns in TABLES 6 and 7 will provide equivalent performance. The mother code used 
to generate the punctured codes in TABLES 6 and 7 is the same rate-1/3 convolutional code used in the previously- 
described equal error protection (EEP) examples. With a pair of rates (R,, R,,) = (4/11 , 4/9) and equal numbers of Class 
I and Class II bits, the average rate of the full-bandwidth code is 2/5 and therefore satisfies the rate requirements for 
the exemplary IBOC system. 

TABLE 6: 



Full-Bandwidth Codes for Protection of Class 1 Bits in DAB System with UER 


Puncture Pattern 


df 




(1111 1111, 1111 1111, 1110 1110) 


12 


0.250 


(1111 1111, 1111 1111, 1110 1101) 


12 


0.250 


(1111 1111, 1111 1111. 1111 1100) 


12 


0.500 


(1111 1111. nil 1111, 1111 1100) 


12 


0.625 


TABLE 7: 


Full-Bandwidth Codes for Protection of Class It Bits in DAB System with UER 


Puncture Pattern 


df 




(1111 1111, 1111 nil. 1000 1000) 


10 


1.750 


(1111 1111, 1111 1111. 1001 0000) 


10 


2.500 


(1111 1111, 1111 nil, 1100 0000) 


10 


3.000 


(1111 nil. nn nil. loiooooo) 


10 


3.125 



SO 
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[0028] FIG. 4 shows plots of simulated bit error rate (BER) performance for full-bandwidth EEP and UEP code ex- 
amples given above. It is assumed for these plots, and the BER plots of FIGS. 5 and 7, that the information source is 
a sequence of 10^ pseudo-random ly generated bits, and the channel is an additive white Gaussian noise (AWGN) 
channel. The EEP code used in the plots is the above-noted full-bandwidth Kroeger rate-2/5 (i.e., 4/10) code with a 
puncture pattern of (1111, nil, 1010). or FFA in hexadecimal notation. The UEP codes are the best full-bandwidth 
Class t (rate-4/1 1 jand Class H (rate-4/9) codes taken from the top lines of TABLES 6 and 7, respectively. These codes 
in hexadecimal notation may be written as FF FF EE and FF FF 88. respectively It can be seen that the rate-4/n Class 
I code provides the besi BER performance, followed by the rate-2/5 EEP code, with the rate-4/9 Class II code providing 
the worst BER performance of the three full-bandwidth codes. 

[0029] As in the EEP examples described previously, half-bandwidth codes for an IBOC system with UEP can be 
formed by puncturing the full -bandwidth codes given in TABLES 6 and 7. Half of the bits for each of the Class I and 
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Class II full-bandwidth codes may be placed in the upper sideband half-bandwidth codes and the other half may be 
placed in the lower sideband half-bandwidth codes. Thus, the half-bandwidth code rates are twice the fu It-bandwidth 
code rates, so if the full-bandwidth code rates satisfy rate equation (1) above, the half-bandwidth code rates will also 
satisfy equation (1 ). In order to avoid inserting termination bits between the Class II bits and the Class I bits, the half- 

5 bandwidth codes and f uti-bandwidth codes should both be rate compatible. 

[0030] TABLE 8 below shows the optimal half-bandwidth codes for UEP with a puncture period P = 8. These codes 
correspond to the best full-bandwidth codes in TABLES 6 and 7. It can be seen from TABLE 6 that there are two equally 
good (i.e., same free Hamming distance d^and information error weight c^/P values) rate-4/11 full-bandwidth codes, 
as shown on the first two lines of TABLE 6. The best complementary pairs corresponding to these full-bandwidth codes 

10 are shown in the first two lines of TABLE 8. The complementary pairs on the first two lines of TABLE 8 thus combine 
toform the optimal Class I full-bandwidth codes(1111 1111. 1111 1111, 1110 1110) and (1111 1111,1111 1111,1110 1101) 
from the first two lines of TABLE 6. It can be seen from TABLE 7 that there is only one optimal rate-4/9 code, shown 
on the first line of TABLE 7, and the corresponding optimal complementary pair is shown on the third line of TABLE 8. 
The complementary pair on the third line of TABLE 8 thus combine to form the optimal Class II full-bandwidth code 

15 (1111 1111. 1111 1111, 1000 1000) on the first line of TABLE 7. 



TABLE 8: 



Optimal Half-Bandwidth Complementary Code Pairs for UEP. 


Puncture Pattern 






Complementary Pattern 






(00000110, 1101 0101, 0110 1010) 


5 


7.125 


(1111 1001, 0010 1010, 1000 0100) 


5 


7.000 


(0011 1011, 1100 0100, 1000 1001) 


5 


9.500 


(1100 0100,0011 1011,0110 0100) 


5 


8.750 


(0011 1100, 1100 0011,0000 1000) 


3 


2.000 


(1100 0011,0011 1100,1000 0000) 


3 


2.000 



[0031] FIG. 5 shows plots of simulated BER performance for half-bandwidth EEP and UEP complementary code 
examples given above. The EEP code pair used in the plots is the half -bandwidth rate-4/5 {i.e., 8/10) code pair from 
the top line of TABLE 2. The codes of this code pair are equivalent, and therefore only one BER curve is plotted for 
this code pair. The EEP code for which the BER curve is plotted is (0110, 1001 , 0010), or 692 in hexadecimal notation. 
The UEP codes are the best ha If -bandwidth Class I (rate-8/1 1 ) and Class II (rate-8/9) codes taken from the first and 
third lines, respectively, of TABLE 8. The codes of the Class II code pair are also equivalent, and therefore only one 
BER curve is plotted for the Class II pair. This code is (0011 1100, 1100 0011 . 0000 1000) or 3C C3 08 in hexadecimal 
notation. The complementary half -band width Class I codes in hexadecimal notation may be written as 06 D5 6A and 
F9 2 A 84. It can be seen that the rate-8/1 1 Class 1 1 complementary codes provides the best BER performance, followed 
by the rate-8/10 EEP code, with the rate-8/9 Class II code providing the worst BER performance of the exemplary 
codes plotted in FIG. 5. 

[0032] As noted previously, rate-compatibility constraints may be applied in order to avoid inserting extra termination 
bits between the Class II and Class I information bits in a UEP application. FIG. 6 illustrates an exemplary set of rate- 
compatibility constraints. The top line of the diagram in FIG. 6 represents the rate-1/3 mother code. In general, a code 
at the tail end of a given arrow in FIG. 6 can be punctured to yield the code at the head of that arrow. The middle line 
of the diagram shows the full-bandwidth Class I (rate-4/11 ) and Class II (rate-4/9) codes generated by puncturing the 
rate-1/3 mother code, with the Class I code on the left and the Class il code on the right. The average rate of these 
Class 1 and Class II codes is 2/5. The bottom line of the diagram shows the half-bandwidth codes generated by punc- 
turing the full-bandwidth codes of the middle line. The lower sideband code is shown to the left of the corresponding 
full-bandwidth code, and the upper sideband code is shown to the right of the full-bandwidth code. The average rate 
of the half-bandwidth codes is 4/5. The dashed arrows in FIG. 6 show the rate compatibility required to avoid the need 
for extra termination bits between the Class II and Class 1 codes. Codes connected by lines instead of arrows are 
complementary codes. 

[0033] TABLE 9 below shows an exemplary set of fully-compatible codes satisfying the compatibility relationships 
set forth in FIG. 6. Only the rate-8/11 complementary code pair is sub-optimal. The rate-4/11 code is equivalent to the 
rate-4/11 code on the top line of TABLE 6. The complementary rate-8/11 codes in TABLE 9 are equivalent. Both have 
a free distance c/^of 5 and an information error weight c^/Poi 12.25. 
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TABLE 9: 



10 



Fully-Compatible UEP Code Set. 


Puncture Pattern 


Rate 


Complementary Pattern 


Rate 


(1111 1111, 1111 nil. 1011 1011) 


4/11 


N/A 




(1111 1111, 1111 1111. 1000 1000) 


4/9 


N/A 




(0011 1100,1100 0011,0010 1001) 
(0011 1100, 1100 0011.0000 1000) 


8/11 
8/9 


(1100 0011,0011 1100, 1001 0010) 
(1100 0011,0011 1100, 1000 0000) 


8/11 
8/9 



75 



20 



30 



[0034] FIG. 7 shows plots of simulated BE R performance for one of the codes in the equivalent pair of fully-compatible 
rate-8/11 complementary codes from TABLE 9, along with the best (but not fully-compatible) rate-8/11 code pair from 
the top line of TABLE 8. The code from the pair of fully-compatible rate-8/1 1 codes is expressed in hexadecimal notation 
as 3C C3 29, The codes of the best rate-8/11 code pair from TABLE 8 are expressed in hexadecimal notation as 06 
D5 6A and F9 2A 84. It can be seen from the BER plots for these three codes in FIG. 7 that the performance penalty 
associated with the use of the sub-optimal but fully-compatible rate-8/11 code pair is only approximately 0.4 dB. 
[0035] As previously noted, the invention can also be implemented using other types of mother codes, e.g., rate-1/3 
mother codes other than the rate-1/3 Hagenauer code described above. For example, a rate-1/3 code from G.C. Clark, 
Jr. and J.B. Cain, "Error-Correction Coding for Digital Communications," Plenum Press^ 1981 (Clark & Cain code), a 
rate-1/3 code from T Ottosson, "Coding Modulation and Multiuser Decoding for DS-CDMA Systems," Phd. Thesis, 
Chalmers University of Technology, 1 997 (Ottosson code), and a rate-1/3 code from S. Lin and D.J. Costello, Jr, "Error 
Control Coding: Fundamentals and Applications," Prentice-Hall, 1 983 (Lin & Costello code), can each serve as a mother 
code for generating CPPC codes in accordance with the invention. TABLE 10 below shows the memory, generators, 
tree distances and information error weights of the Hagenauer, Clark & Cain. Ottosson and Lin & Costello rate-1/3 
mother codes used to illustrate the invention. It should be noted that the Clark & Cain code has a better free distance 
than the Hagenauer code. The Ottosson code has a higher memory, leading to a better free distance at the expense 
of a higher complexity decoder. The rate 1/3 is the most natural starting rate for puncturing to rate 2/5. However, it is 
possible to start with an even lower rate, such as rate 1/4. 

[0036] It should also be noted that the generators shown and described herein can generally be expressed in a 
corresponding equivalent time-reversed format. For example, a time-reversed version of a given set of generators 
corresponds to a time reversal, i.e., left -to-right reversal, of the bit sequence of each of the generators in the seL 



TABLE 10: 



35 



40 



Comparison of Rate-1/3 Mother Codes Used for Puncturing. 


Code 


Memory 


9o* 9v 92 (octal) 






Hagenauer 


6 


133. 171, 145 


14 


1 


Clark & Cain 


6 


133. 171, 165 


15 


7 


Ottosson 


8 


575. 623, 727 


18 


2 


Lin & Costello 


8 


557. 663. 711 


18 





45 



[0037] The above-noted rate-1/3 mother codes are punctured using the techniques described previously to yield 
rate-2/5 full-bandwidth codes as shown in TABLE 11. For comparison purposes, parameters for the Hagenauer rate- 
2/5 and Kroeger rate-2/5 codes described above, both generated from the Hagenauer rate-1/3 mother code, are also 
shown. The rate-2/5 codes generated from the Clark & Cain, Ottosson and Lin & Costello mother codes are referred 
to herein as the Lucent-CC, Lucent-Ott and Lucent-LC codes, respectively 
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TABLE 11: 



Rate-2/5 Full-Bandwidth Codes. 


Code 


Mother Code 


Puncturing Pattern 






Hagenauer 


Hagenauer 


(1111, 1111, 1100) 


11 


1.00 


Kroeger 


Hagenauer 


(1111, 1111, 1010) 


11 


2,00 


Lucent-CC-1 


Clark & Cain 


(1010, 1111, 1111) 


11 


1,50 
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TABLE 11: (continued) 



5 



Rate-2/5 Full-Bandwidth Codes. 


Code 


Mother Code 


Puncturing Pattern 


df 




Lucent-Ott-1 


Ottosson 


(1111. 1100, 1111) 


14 


7.00 


Lucent-LC-1 


Lin & Costello 


(1111, 1110, 1101) 


14 


6.50 



[0038] TABLE 12 below shows exemplary weight spectra of the rate-2/5 lull-bandwidth Lucent-CC, Lucent-Ott and 
Lucenl-LG codes. Components beyond the free distance may be generated, for example, using a parallel or serial List 
output Viterbi algorithm (LVA) for the code evaluation. The LVA finds the list of the L most likely output information 
sequences in decoding a cohvolutlonal code, as described in greater detail in, e.g., N. Seshadri and C-E. W. Sundberg, 
"List Viterbi decoding algorithms with applications," IEEE Transactions on Communications, Vol. 42, pp. 311-323, Feb- 
ruary/March/April 1994, and C. Mill and C-E. W. Sundberg, "List and soft symbol output Viterbi algorithms: Extensions 
and comparisons," IEEE Transactions on Communications, Vol. 43, February/March/April 1995, both of which are 
incorporated by reference herein. The parallel LVA maintains the L best alternatives at every state, and otherwise 
operates like the regular Viterbi algorithm. The next free Hamming distance df-h 1 and the corresponding information 
error weight can be found using the parallel LVA algorithm, or using other suitable techniques known in the art, such 
as the serial LVA. 

[0039] FIG- 8 shows bit error rate (BER) curves for the Kroeger, Lucent-CC-1 and Lucent-Ott-1 full-bandwidth codes 
for an additive white Gaussian noise (AWGN) channel. In FIG. 8, the full-bandwidth codes in hexadecimal are indicated 
in parenthesis. 



TABLE 12: 



Weight Spectra of Rate-2/5 Full-Bandwidth Codes. 


Code 


Memory 










Lucent-CC-1 


6 


11 


1.50 


8.00 


8.50 


Lucent-Ott-1 


8 


14 


7.00 


23.00 


23.50 


Lucent-LC-1 


8 


14 


6.50 







[0040] The BER simulations in FIG. 8 and other simulations desicribed below are shown as a function of Eq/Nq, 
energy per dimension over noise power spectral density This measure is related to more the conventional measures 
35 E^Nq and E/Nq as follows: 

E^/N^ = yR{E^N^l 

where R is the rate of the code in information bits per dimension, e.g., convolutional code rate for BPSK or QPSK 
signaling, and Nq is the number of dimensions per symbol, e.g. , 1 for BPSK, 2 for QPSK. The two memory 6 codes in 
45 FIG. 8, i.e., the Lucent-CC-1 rate-2/5 code and the Kroeger rate-2/5 code, have substantially the same performance 
within simulation uncertainty, while the memory 8 code, i.e., the Lucent-Ott-1 rate-2/5 code, is considerably better. The 
Lucent-CC-1 rate-2/5 has a somewhat better error coefficient than the Kroeger rate-2/5 code. However, higher order 
error coefficients also affect the BER at low channel SNRs. 

[0041] TABLE 13 below shows the rate-4/5 complementary codes that combine to the Lucent-CC-1, Lucent-Ott-1 
so and Lucent-LC-1 full-bandwidth rate-2/5 codes, and associated weight spectra. The Lucent-CC-1 and Lucent-Ott-1 
codes are the best possible full-bandwidth rate-2/5 codes, which can be generated from their respective mother codes, 
in terms of producing the best worst-case ha If -bandwidth rate-4/5 code. It should be noted that other rate-4/5 codes 
generated from these mother codes may have better rate-2/5 codes. For the rate-4y5 code generated from the Lucent- 
LC-1 rate-2/5 code, it should be noted that other rate-2/5 codes may lead to better rate-4/5 codes, but such rate-2/5 
55 codes may also be less optimal than the Lucent-LC-1 rate-2/5 code. FIG. 9 shows BER curves for the Kroeger, Lucent- 
CC-1 and Lucent-Ott-1 rate-4/5 half-bandwidth codes for an AWGN channel. In FIG. 9, the puncturing patterns in 
hexadecimal are indicated in parenthesis. 
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TABLE 13: 



Rato-4/5 CPPC codes that combine to rate-2/5 codes, wrth P- 


- 4. 


Code 


Puncturing Patterns 








WP 


Lucent-CC-1 


(1000.0110.1001) 


4 


1.50 


40.25 


356.25 




(0010, 1001. 0110) 


4 


1.50 


40.25 


356.25 


Lucent-On-1 


(0101. 1000. 0110) 


5 


14.00 


74.00 


813.25 




(1010, 0100. 1001) 


5 


14.00 


74.00 


813.25 


Lucent-LC-1 


(0111. 1000. 1000) 


5 


3.75 








(1000.0110.0101) 


5 


10.50 0 







[0042] FtG 10 shows plots of simulated BER performance lor the rate-4/5 CPPC codes obtained by puncturing the 
Lucenl-OtM rate-2/5 code, using two different puncturing patterns, and the Kroeger rate-2/5 code. Again, the punc- 
turing patterns in hexadecimal are indicated for each plot. The Lucent-Ott-1 rate-4/5 code with hexadecimal puncturing 
pattern (5. 3. 6) is the code given in TABLE 13. The Lucent-Ott-1 rate-4/5 code with hexadecimal puncturing pattern 
(6. 5, 8) has a lower free distance [df = 4) than the (5. 8. 6) code, but also a lower information error rate ©d/P = 0.75). 
The rate-4/5 code generated from the Kroeger rate-2/5 code has a hexadecimal puncturing pattern given by (6, 9, 2). 
Note that the Lucent-Ott-1 rate-4/5 code with puncturing pattern (5, 8. 6), which has a free distance of 5. is somewhat 
better for high channel SNRs than both the Kroeger (6, 9, 2) and the Lucent-Ott-1 (6, 5, 8) codes, both of which have 
free distances of 4. 

[0043] As noted above, in the IBOC system illustrated in FIG. 1. the subcarriers farthest away from the analog host 
are most susceptible to interference. Thus, the mapping of code bits to subcarrier frequencies can affect performance. 
The invention maps code bits to subcarriers by puncturing each sideband of the full-bandwidth codes in an RCPC 
fashion while keeping all of the bits in the other sideband. In the approach described in conjunction with the bit assign- 
ment strategy of FtGS. 3A and 38, at each puncturing step, the punctured bit is assigned to the outermost unassigned 
subcarrier. A similar approach can be used to determine the bit mapping for the Lucent-CC-1 and Lucent-Ott-1 codes, 
except in this approach the bits Irom the third generators g2 are not automatically mapped to the outermost carriers. 
FIGS. 11 A and 11 B illustrate the optimal bit assignment strategy for the lower sideband and upper sideband, respec- 
tively, for the Lucent-CC-1 code FIGS. 1 2A and 1 2B illustrate the optimal bit assignment strategy for the lower sideband 
and upper sideband, respectively, lor the Lucent-Ott-1 code. As in the bit assignments of FIGS. 3A and 3B, the notation 
GOj, Glj, and G2, refers to the ilfi bit. modulo 4, from the generators g^, and respectively. As noted above iri 
conjunction with FIGS. 3A and 3B. the bit assignments of FIGS. 11 A and 11B can be rotated around the carrier, such 
that a mirror image of the assignment for one sideband is used for the other sideband, and vice-versa. The same 
applies to the bit assignments of FIGS. 12A and 12B. The optimal puncture patterns for the lower sideband and upper 
sideband for the Lucent CC 1 code are shown in TABLES 14 and 15, respectively. The optimal puncture patterns for 
the lower sideband and upper sideband for the Lucent-Ott-1 code are shown in TABLES 16 and 17, respectively. 



TABLE 14: 



Lower Sideband Puncture Pattern for Bit Assignment for the Lucent-CC-1 code. 


LSB Pattern 


Full Pattern 


Full Rate 


df 




(1000 0100 1001) 


(1010,1101.1111) 


4/9 


10 


2.75 


(1000. 0100 1000) 


(1010. 1101. 1110) 


4/8 


9 


9.00 


(1000. 0000 1000) 


(1010. 1001. 1110) 


4/7 


7 


1.50 


(1000.0000.0000) 


(1010. 1001. 0110) 


4/6 


6 


14.00 


TABLE 15: 


Upper Sideband Puncture Patterns for Bit Assignment for the Lucent-CC-1 code. 


USB Pattern 


Full Pattern 


Full Rate 


df 




(0010,0001.0110) 


(1010, 0111, 1111) 


4/9 


10 


2.75 


(0010. 0001.0010) 


(1010. 0111, 1011) 


4/B 


9 


9.00 
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TABLE 15: (continued) 



Upper Sideband Puncture Patterns for Bit Assignnnent for the Lucent-CC-1 code. 


USB Pattern 


Full Pattern 


Full Rate 


df 




(0010, 0000, 0010) 


(1010, 0110, 1011) 


4/7 


7 


1.50 


(0010.0000.0000) 


(1010. 0110, 10O1) 


4/6 


6 


14.00 


TABLE 16: 


Lower Sideband Puncture Pattern for Bit Assignnnent for the Lucent-Ott-1 code. 


LSB Pattern 


Full Pattern 


Full Rate 




Ca/P 


(0001, 1000, 0110) 


(1011, 1100, 1111) 


4/9 


12 


6.25 


(0001, 0000. 0110) 


(1011, 0100, 1111) 


4/8 


10 


4.75 


(0000, 0000, 0110) 


(1010, 0100, 1111) 


4/7 


8 


3.00 


(0000, 0000. 0100) 


(1010. 0100, 1101) 


4/6 


6 


1.00 


TABLE 17: 


Upper Sideband Puncture Patterns for Bit-Assignnnent for the LucentOtt-1 code. 


USB Pattern 


Full Pattern 


Full Rate 


df 




(0010, 0100. 1001) 


(0111, 1100, 1111) 


4/9 


12 


6.25 


(0010, 0000, 1001) 


(0111, 1000, 1111) 


/8 


10 


4.75 


(0000, 0000. 1001) 


(0101. 1000, 1111) 


4/7 


8 


3.00 


(0000,0000, 1000) 


(0101, 1000, 1110) 


4/6 


6 


1.00 



[0044] As noted above, the Lucent-CC-1 and Lucent-Otl-1 codes are the best possible full-bandwidth rate-2/5 codes 
in terms of producing the best worst-case half-bandwidth rate-4/5 code, but other rate-4/5 codes generated from these 
mother codes may have better rate-2/5 codes. For the Lucent-LC-1 rate-4/5 code, other rate-2/5 codes may lead to 
better rate-4/5 codes, but such rate-2/5 codes may also be less optimal than the Lucent-LC-1 rate-2/5 code. TABLE 
18 below shows a number of alternative full-bandwidth rate-2/5 codes generated from the Clark & Cain, Ottosson and 
Lin & Costollo mother codes. 



TABLE 18: 



Alternative Rate-2/5 Full-Bandwidth Codes. 


Code 


Mother Code 


Puncturing Pattern 


df 


Cc^/P 


Lucent-CC-2 


Clark & Cain 


(1111, 0111, 1110) 


12 


10.50 


Lucent-CC-3 


Clark & Cain 


(1111, 1111, 0101) 


11 


0.50 


Lucent-CC-4 


Clark & Cain 


(1111, 0111. 1011) 


11 


0.75 


Lucent-CC-5 


Clark & Cain 


(1111, 0111. 1101) 


11 


0.25 


Lucent-Ott-2 


Ottosson 


(1111. 1111. 1010) 


14 


0.50 


Lucent-Ott-3 


Ottosson 


(1111, 1110, 0111) 


14 


4.00 


Lucent-Ott-4 


Ottosson 


(1111, 1110. 1101) 


14 


4.00 


Lucent-LC-2 


Lin & Costello 


(0111. 1111, 1110) 


13 


1.25 


Lucent-LC-3 


Lin & Costello 


(1111, Tttt, tOTO) 


12 


T.50 



[0045] The Lucent-CC-2, Lucent-CC-3, Lucent-CC-4 and Lucent-CC-5 codes in TABLE 18 above are better full- 
bandwidth code than the Lucent-CC-1 code given previously. However, the half-bandwidth codes generated from the 
Lucent-CC-1 code, also given previously, are the best half-bandwidth codes of the group. The half -bandwidth codes 
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from the Lucent-CC-2, Lucent-CC-3, Lucent-CC-4 and Lucent-CC-5 codes are therefore not shown herein. 
[0046] The Lucent-Ott-2 code in TABLE 18 is the best of the full-bandwidth codes generated from the Ottosson 
mother code. The Lucent-Ott-3 code has a better best-case half-bandwidth code than the Lucent-Ott-2 code. The 
Lucent-Ott-3 code is also a better full-bandwidth code, and has a better best-case half-bandwidth code but a worse 

5 worst-case half-bandwidth code, than the Lucent-Ott-1 code. The Lucent-Ott-4 code has the same free distance and 
error weights as the Lucent-Ott-3 code, but is not equivalent to that code, i.e., is not a cyclic shift of that code. The 
corresponding half-bandwidth codes for the Lucent-Ott-2, Lucent-Ott-3 and Lucent-Ott-4 codes are shown in TABLE 
19 below. It should be noted that rate-2/3 half -bandwidth codes of (OlOt, 1010, 0101) and (1010, 0101, 1010), both 
with free distances and information error weights of 7 and 4, respectively, can be generated from the Ottosson mother 

10 code. 

[0047] The Lucent-LC-2 code in TABLE 18 is not as good a full-bandwidth code as the Lucent-LC-1 code given 
previously, but it produces a better worst-case half-bandwidth code than the Lucent-LC-1 code. The Lucent-LC-3 code 
is not as good a full-bandwidth code as the Lucent-LC-1 and Lucent-LC-2 codes, but produces a better worst-case 
half -bandwidth code than either of these codes. The half-bandwidth codes for the Lucent-LC-2 and Lucent-LC-3 codes 
^5 are also given in TABLE 19 below. It should be noted that even though the best-case half-bandwidth code generated 
from Lucent-LC-3 has a free distance of 6, it also has a high error weight. 



TABLE 1 9: 



Rate-4/5 CPPC codes that combine to rate-2/5 codes, with P= 4. 


Code 


Puncturing Patterns 






Lucent-OU-2 


(0011, 1100. 0010) 


5 


22.50 




(1100. 0011. 1000) 


5 


22.50 


Lucent-Ott-3 


(110T 0010, 0100) 


5 


11.25 




(0010, 1100, 0011) 


5 


25.50 


Lucent-Ott-4 


(0111, 1000. 0100) 


5 


11.25 




(1000, 0110, 1001) 


5 


25.50 


Lucent-LC-2 


(0000, 0111. 1010) 


5 


5.75 




(0111, 1000, 0100) 


5 


9.50 


Lucent-LC-3 


(1000. 0111. 0010) 


6 


261.00 




(0111. 1000. 1000) 


5 


3.75 



35 [0048] The above-described embodiments of the Invention are intended to be illustrative only. For example, alterna- 
tive embodiments of the invention may utilize code rates and code memories other than those described, and other 
distance or performance based metrics to determine code optimality. In addition, the techniques of the invention may 
be applied to other types of DAB systems, as well as to other types of non-DAB communication systems. Moreover, 
although illustrated for two-fold diversity based on pairs of complementary codes, the invention can be generalized in 

40 a St raightf onward manner to three-fold diversity based on complementary punctured triplet codes and n-fold diversity 
based on punctured codes with an n-told increase in rate. These and numerous other alternative embodiments and 
implementations within the scope of the following claims will be apparent to those skilled in the art. 



45 Claims 

1. A method of coding information bits in a communication system, the method comprising the steps of: 

selecting an optimal group of n complementary punctured convolutional codes; and 

so 

coding a stream of information bits, using the selected optimal group of codes, to generate a sequence of 
symbols. 

2. The method of claim 1 wherein the selected optimal group of complementary codes has the best free Hamming 
55 distance and minimum information error weight of the groups in a set of groups of complementary codes. 

3. The method of claim 1 wherein the selected group of complementary codes are generated by puncturing a rate- 
1/3, K= 7 convolutional mother code. 
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4. The method of claim 3 wherein the mother code has a set of generators given by gr^= 1011011 , = 1111001 and 
g2 = 1110101 or a corresponding reversed version thereof. 

5. The method of claim 3 further including the step of generating a lull-bandwidth code from the mother code using 
one of the following puncture patterns: (1010, 1111. 1111), (1111. 0111. 1110), (1111, 1111,0101), (1111, 0111, 1011) 
and (1111. 0111, 1101) or a cyclic permutation thereof. 

6. The method of claim 5 further including the step of generating a half-bandwidth code from the full-bandwidth code 
using the puncture pattern (1000, 0110, 1001) (0010. 1001, 0110) or a cyclic permutation thereof. 

7. The method of claim 1 wherein the selected group of complementary codes are generated by puncturing a rate- 
1/3, K= 9 convolutional mother code. 

8. The method of claim 7 wherein the mother code has a set of generators given by gQ= 101111101, = 110010011 
75 and g2= 111010111 or a corresponding reversed version thereof. 

9. The method of claim 7 further including the step of generating a full-bandwidth code from the mother code using 
one of the following puncture patterns: (11 11 , 1100, 1111), (11 11 , 1111 . 1010), (1111, 1110. 0111) and (1111, 1110, 
11 01 ) or a cyclic permutation thereof. 

20 

10. The method of claim 9 further including the step of generating the half-bandwidth code from the full-bandwidth 
code using one of the following puncture patterns: (0101, 1000, 0110), (1010, 0100, 1001); (0011, 1100, 0010), 
(1100. 0011, 1000): (1101, 0010, 0100), (0010, 1100, 0011); (0111, 1000, 0100), (1000, 0110, 1001) or a cyclic 
permutation thereof. 

2S 

1 1 . The method of claim 7 wherein the mother code has a set of generators given by gQ= 101101111, = 11011 0011 
and g2 = 111001001 or a corresponding reversed version thereof. 

12. The method of claim 7 further including the step of generating a fu It-bandwidth code from the mother code using 
30 one Of the following puncture patterns: (1111, 1110, 1101). (0111, 1111. 1110) and (1111, 1111, 1010) or a cyclic 

permutation thereof. 

1 3. The method of claim 1 2 further including the step of generating a half -bandwidth code from the full-bandwidth code 
using one of the following puncture patterns: (0111, 1O0O, 1000), (1000, 0110, 0101); (0000, 0111. 1010), (0111, 

3S 1000. 0100)and (1000. 0111. 0010). (0111, 1000, 1000) or a cyclic permutation thereof. 

14. The method of claim 1 wherein n-2 such that the group of complementary punctured convolutional codes used 
to encode the information btis is a pair of complementary punctured convolutional codes. 

•^0 15. The method of claim 14 v/herein the complementary codes in the selected code pair are each rate-4/5 half-band- 
width convolutional codes generated by puncturing a rate-2/5 full-bandwidth convolutional code which is in turn 
generated by puncturing a rate-1/3 mother code. 

16. The method ot claim 1 wherein the system transmits digital information on subcarriers in both an upper and a lower 
^5 sideband of an analog carrier and the method further includes the step of assigning particular bits from a particular 

generator of the convolutional codes to the upper and lower sideband subcarriers in order to minimize interference- 
related effects. 



50 



17. An apparatus for use in coding information bits in a communication system, the apparatus comprising; 

a convolutional encoder which receives a stream of information bits and generates a sequence of symbols 
therefrom; 

wherein the encoder is operative to encode the information bits using an optimal group of n complementary 
55 punctured convolutional codes. 

18. The apparatus of claim 1 7 wherein the optinnal group of complementary codes has the best free Hamming distance 
and minimum information error weight of the groups in a set of groups of complementary codes. 
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19. The apparatus of claim 17 wherein the selected group of complementary codes are generated by puncturing a 
m\e-^/3. K = 7 convolutional mother code. 

20. The apparatus of claim 19 wherein the mother code has a set of generators given by gQ = ^0^^0^^. g^^ 1111001 
5 nnd g^- 1 1 1 01 01 or a corresponding reversed version thereof. 

21. The HppH:Hius ol Claim 19 wherein a full-bandwidth code is generated from the mother code using one of the 
(ollowtnq punclurc paitorns: (1010, 1111. 1111), (1111, 0111, 1110), (1111, 1111, 0101), (1111, 0111, 1011) and 
(1111 om 1 lOU Of a cyclic permutation thereof. 

10 

22. The npp^viius ot ci^^im 21 wherein a half-bandwidth code is generated from the full-bandwidth code using the 
punriuTC p-iiicrrn 1000 CllO, 1001) (0010. 1001 , 0110) or a cyclic permutation thereof. 

23. The Hppi^'rttus ol cinim 15 wherein the selected group of complementary codes are generated by puncturing a 
IS rate- 1 '3 K 9 con volul ion hI mother code. 

24. The HppatHius ol ctnim 23 wherejn the mother code has a set of generators given by Qq = 101111101, = 
1 1 00 1 00 u and 1 11 0 1 01 1 1 or a corresponding reversed version thereof. 

20 25. The appHfaius ol clairn 23 wherein a full-bandwidlh code is generated from the mother code using one ofthe 
followiny puricluio pntlcinb (1111, 1100, 1111). (1111. 1111. 1010). (1111, 1110. 0111) and {1111, 1110, 1101)ora 
cyclic permutation thereof 

26. The apparatus of claim 25 wherein a half-bandwidth code is generated from the full-bandwidth code using one of 
25 the following puncture patterns: (0101, 1000. 0110). (1010, 0100, 10O1);(OO11. 1 100, 0010). (1100. 001 1 . 1000); 

(1101. 0010. 0100). (0010. 1100. 0011): (0111, 1000. 0100), (1000. 0110, 1001) ora cyclic permutation thereof. 

27. The apparatus of claim 23 wherein the mother code has a set of generators given by Qq - 101101111, = 
110110011 and g^= 111001001 ora corresponding reversed version thereof. 

30 

28. The apparatus of claim 27 wherein a full-bandwidlh code is generated from the mother code using one of the 
following puncture patterns (1111. 1110. 1101 ). (0111 . 1111. 1110) and (1111, 1111, 1010) or a cyclic permutation 
thereof. ; 

35 29. The apparatus of claim 28 wherein a half-bandwidth code is generated from the full-bandwidth code using one of 
the following puncture patterns (0111. 1000. 1000), (1000 0110. 0101); (0000. 0111. 1010), (0111, 1000, 0100) 
and (1000. 0111. 0010). (0111, 1000, 1000) ora cyclic permutation thereof. 

30. The apparatus of claim 17 wherein n = 2 such that the optimal group of complementary punctured convolutional 
•to codes used to encode the information bits is a pair of complementary punctured; convolutional codes. 

31. The apparatus of claim 30 wherein the complementary codes in the optimal code pair are each rate-4/5 half- 
bandwidth convolutional codes generated by puncturing a rate-2/5 full-bandwidth convolutional code which is in 
turn generated by puncturing a rate-1/3 mother code. 

45 

32. The apparatus of claim 1 7 wherein the system transmits digital information on subcarriers in both an upper and a 
lower sideband of an analog carrier, and the encoder is further operative to assign particular bits from a particular 
geneicilor to Ihe upper and lower sideband subcariieis in order to minimize interference-related effects. 

so 33. A transmitter for use in a communication system, the transmitter comprising: 

a convolutional encoder which receives a stream of information bits and generates a sequence of symbols 
therefrom, wherein the encoder is operative to encode (he rnformarton bits using an optimaf group of /? com- 
plementary punctured convolutional codes: and 

55 

a modulator for modulating the encoded symbols onto at least one carrier signal. 
34. A receiver for use in a communication system, the receiver comprising: 
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a demodulator for demodulating at least one carrier signal to recover a sequence of symbols; and 

a convolutional decoder which receives the sequence of symbols and generates a stream of information bits 
therefrom, wherein the decoder is operative todecode the symbols using an optimal group of ncomplementary 
5 punctured convolutional codes. 

10 
16 
20 
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55 



16 

BNSDOCID; <EP 1 01 4590A2_I_> 



EP 1 014 590 A2 



FIG. 1 

IPRIOfl ARTl 



ANALOG HOST 




20 



25 



L. 



26 



FIG. 2 

22 

/. 

TRANSMITTER 27 
L 



AUDIO 




CONVOLUTIONAL 




INTER- 




CODER 




ENCODER 




LEAVEfl 





28 

jL 



"1 



MODULATOR 



•29 



r 





AUDIO 




VITERBI 


1 


OECOOER 




DECODER 




\ 


1 3\ 


33 1 





DEINTER- 






LEAVER 





32 



24 



H DEMOOULATOfl 



31 



.J 



^30 



FIG. 3 A 



G22 




GI3 


GOj 


GO2 



LOWER SIDEBAND 



FIG. 3B 





GO3 


Gl, 


GI2 





UPPER SIDEBAND 



BNSDCXJID: <EP 1014590A2_L> 



17 





BNSDOCtD: <EP 1014590A2 I 



18 



EP 1 014 590 A2 



FIG. 6 

R=l/3 

\^ II 

RM/11 — RM/9 

/ \ / \ 



(FULL BANDWIDTH) 
AVERAGE RATE 2/5 



R=8/ll R=8/ll R=8/9 fl«8/9 (HALF BANDWIDTH) 

: ; I I AVERAGE RATE 4/5 

' > ' i 

« I 
C ^ J 

LULU 




19 



EP 1 014 590 A2 



FIG. 8 




En/Na (dB) 



BNSDOCID; <EP 1014590A2_L> 



20 



EP 1 014 590 A2 



FIG. 3 




Eq/Nq IdB) 



BNSDOCID; <EP t0l4590A2J_> 



21 



EP 1 014 590 A2 



FIG. 10 



BER 



10'^ -« 
10'^-' 

10"^ 

r5- 



10" 



-2 



9^ 



Eq/Nq (dB) 



0tt-(5.8.6).(H=8) 
Ott-(B.5.8).(M=8) 
Kro-(B.9.2).(M=B) 



FIG, llA 



G12 


023 




G2o 





LOWER SIDEBAND 



FIG. IIB 



G02 


622 


GI3 


G2i 


^^0 



UPPER SIDEBAND 



FIG. 12 A 



GO J 




GO3 


G22 


G2i 



LOWER SIDEBAND 



FIG. 12 B 





G23 


GO2 


Gl, 


GOq 



UPPER SIDEBAND 



22 



BNSDOCID: <EP 1014590A2_L> 



